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CATALYSTS AND PROCESSES FOR 
PRODUCING BUTANOL 

FIELD OF THE INVENTION 

0001. The present invention relates generally to a process 
of making higher molecular weight alcohols from ethanol 
and, in particular, to a catalytic conversion of ethanol to 
butanol. 
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1. In the first step, ethanol is oxidized to intermediate alde 
hyde and two of the intermediate aldehydes undergo an aldol 
condensation reaction to form crotonaldehyde, which is 
reduced to butanol via hydrogenation. See, for example, J. 
Logsdon in Kirk-Othmer Encyclopedia of Chemical Technol 
ogy, John Wiley and Sons, Inc., New York, 2001; J. Mol. 
Catal. A. Chem., 2004, 212, p. 65; and J Org. Chem., 2006, 
71, p. 8306. 
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BACKGROUND OF THE INVENTION 

0002 Studies have been done for economically viable 
processes to produce butanol. Like ethanol, butanol may be a 
possible solution to dependency on oil as both may be used as 
a fuel in an internal combustion engine. In fact, due to the 
longer hydrocarbon chain and non-polar characteristics, 
butanol may be a better fuel option than ethanol because 
butanol is more similar to gasoline than ethanol. In addition, 
butanol may be used in the manufacture of pharmaceuticals, 
polymers, pyroxylin plastics, herbicide esters and butyl Xan 
thate. Butanol may also be used as a solvent for the extraction 
ofessential oils or as an ingredient in perfumes; as an extrac 
tant in the manufacture of antibiotics, hormones, and Vita 
mins; as a solvent for paints, coatings, natural resins, gums, 
synthetic resins, alkaloids, and camphor. Other applications 
ofbutanol includes as Swelling agent in textiles; as a compo 
nent of break fluids, cleaning formulations, degreasers, and 
repellents; and as a component of ore floatation agents and of 
wood-treating systems. 

0003. Butanol is typically produced industrially from pet 
rochemical feedstockpropylene in the presence of a rhodium 
based homogeneous catalyst. During this process, propylene 
is hydroformylated to butyraldehyde and butyraldehyde is 
then hydrogenated to product butanol. However, due to the 
fluctuating natural gas and crude oil prices the cost of pro 
ducing butanol using this method also becomes more unpre 
dictable and significant. 

0004. It is known that butanol may be prepared by con 
densation from ethanol over basic catalyst at high tempera 
ture using the Guerbet reaction. The reaction mechanism for 
the conversion of ethanol to butanol via the Guerbet reaction 
comprises a four-step sequence as shown in reaction scheme 

0005 Various catalysts have been studied to improve the 
conversion and selectivity of ethanol to butanol. For example, 
M. N. Dvornikoff and M. W. Farrar, J. of Organic Chemistry 
(1957), 11, 540-542, discloses the use of a MgO KCO 
CuCrO catalyst system to promote ethanol condensation to 
higher alcohols, including butanol. U.S. Pat. No. 5,300.695 
discloses processes where an L-type Zeolite catalyst. Such as 
potassium L-type Zeolite, is used to react with an alcohol 
having X carbon atoms to produce alcohol with higher 
molecular weight. 
0006. The use of hydroxyapatite Cao (PO)(OH), trical 
cium phosphate Ca(PO4), calcium monohydrogen phos 
phate CaFIPO.(0-2)HO, calcium diphosphate CaPO, 
octacalcium phosphate Cash (PO).5H2O, tetracalcium 
phosphate Ca(PO4)2O, or amorphous calcium phosphate 
Ca(PO).nH2O, to convert ethanol to higher molecular 
weight alcohols are disclosed in WO2006059729. 
0007 Carlini et al., Carlini et al., Journal of Molecular 
Catalysis A: Chemical (2005), 232, 13-20, discloses bifunc 
tional heterogeneous hydrotalcites for converting methanol 
and n-propanol to isobutyl alcohol. 
0008. Others catalyst systems for making higher molecu 
lar weight alcohols from methanol or ethanol have also been 
studied. For example, U.S. Pat. No. 4,551,444 discusses the 
use of multi-component catalyst system using various metals; 
U.S. Pat. No. 5,095,156 and U.S. Pat. No. 5,159,125 dis 
cusses the impact of magnesium oxide: U.S. Pat. No. 4,011, 
273 discusses the use of insoluble lead catalysts; U.S. Pat. No. 
7,807,857 focuses on Group II metal salts; and U.S. Pat. No. 
4.533,775 discusses a catalyst system comprising a metal 
acetylide, a hydride, an alkoxide and promoter. 
0009. The references mentioned above are hereby incor 
porated by reference. 
0010 Nonetheless, the need remains for improved cata 
lysts for making butanol from ethanol, especially those hav 
ing improved activity and selectivity to butanol. 
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SUMMARY OF THE INVENTION 

0011. In a first embodiment, the present invention is 
directed to a catalyst for converting alcohols to higher alco 
hols. The catalyst comprises one or more metals and one or 
more supports. Preferably, one or more metals selected from 
the group consisting of cobalt, nickel, palladium, platinum, 
iron, Zinc, tin and copper. Preferably, the one or more Supports 
are selected from the group consisting of Al-O, ZrO, MgO, 
TiO, zeolite, ZnO, and a mixture thereof. 
0012. In a second embodiment, the present invention is 
directed to a catalyst for converting alcohols to higher alco 
hols. The catalyst comprises one or more Support and one or 
more metal layers on the one or more supports. Preferably, the 
one or more Supports are selected from the group consisting 
of Al-O, ZrO, MgO, TiO, Zeolite, ZnO, and a mixture 
thereof. Preferably, the metal layer on the one or more sup 
ports comprise one or more metals selected from the group 
consisting of cobalt, nickel, palladium, platinum, iron, Zinc, 
tin and copper. 
0013. In a third embodiment, the present invention is 
directed to a process for producing butanol. The process 
comprises the step of feeding a gaseous stream comprising 
ethanol overa catalyst in a reactor to formbutanol wherein the 
catalyst comprises one or more metals and one or more Sup 
ports. Preferably, the one or more metals are selected from the 
group consisting of cobalt, nickel, palladium, platinum, iron, 
Zinc, tin and copper. Preferably, the one or more Supports are 
selected from the group consisting of Al2O, ZrO, MgO, 
TiO, zeolite, ZnO, and a mixture thereof. 

DETAILED DESCRIPTION OF THE INVENTION 

Introduction 

0014. The present invention generally relates to a process 
for synthesizing a linear multi-carbon alcohol from an alco 
hol having two or fewer carbons that is useful as a chemical 
industry raw material and fuel composition or a mixture 
thereof. 

0.015 Production of multi-carbon alcohols, like butanol, 
using most conventional processes has been limited by eco 
nomic and environmental constraints. One of the best known 
processes is the Guerbet reaction. Specifically, ethanol may 
be used as the starting material to product butanol. However, 
intermediates of the reaction can form competing by-prod 
ucts, such as diethyl ether, ethylene, 1-hexanol, 2-ethylbu 
tanol, and/or 2-ethylhexanol. These intermediates may lead 
to impurities in the butanol product. For example, diethyl 
ether and ethylene may be formed due to the dehydration of 
ethanol in the presence of an acidic catalyst. 1-hexanol may 
also be formed via the addition of aldehyde to butyraldehyde, 
a crotonaldehyde intermediate. Butyraldehyde may also react 
with other intermediates to fowl 2-ethylbutanol and 2-ethyl 
hexanol. A crude mixture of the multi-carbon alcohol and 
impurities may increase the purification needed to recover 
butanol. 
0016 Catalysts, such as multi-catalyst systems, 
hydroxyapatite, and phosphate derivatives have been used to 
optimize the yields and selectivity to butanol. In addition, 
process conditions for the Guerbet reaction have also been 
studied to optimize the yields and selectivity to butanol. 
0017. The Guerbet reaction converts two moles of ethanol 
to one mole of butanol through multiple intermediates. The 
reaction comprising first oxidizing ethanol to form an alde 
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hyde, condensing the aldehydes to 3-hydroxy-butyraldehyde, 
dehydrating the 3-hydroxy-butyraldehyde to crotonaldehyde, 
and reducing the crotonaldehyde to butanol. 
0018. It has now been discovered that certain catalysts 
effectively oxidizes ethanol to form an intermediate alde 
hyde, which forms crotonaldehyde, and reduces crotonalde 
hyde to butanol. Preferably, the catalysts of the present inven 
tion serve as a base to oxidize ethanol and to promote aldol 
condensation, and also as a hydrogenating site for crotonal 
dehyde to form butanol. Surprisingly and unexpectedly, the 
inventors found that a catalyst system of at least one metal 
coated on a Support beneficially results in the improvement of 
ethanol conversion, and/or butanol selectivity. Moreover, the 
novel catalyst system beneficially reduces the selectivities to 
DEE and ethylene. For purposes of this application, linear 
multi-carbon alcohols are preferred and thus butanol refers to 
n-butanol unless otherwise indicated. 

Catalyst Composition 

0019. In another embodiment, the present invention 
relates to a catalyst that comprises a metal selected from the 
group consisting of cobalt, nickel, palladium, platinum, iron, 
Zinc, tin and copper on a Support. More preferably, the metals 
are selected from the group consisting of palladium, copper, 
tin, and cobalt. The metal may be coated on the Support. In 
one embodiment, the catalyst comprises a metal in an amount 
from 0.01 wt.% to 20 wt.%, e.g., from 0.05 wt.% to 18wt. 
%, or from 0.1 wt.% to 16 wt.%. The supports may include 
those described above, preferably, Al-O, ZrO, MgO, TiO, 
Zeolite, ZnO, and mixtures thereof. Preferably, in this 
embodiment, the catalyst does not comprise an alkali metal 
and/or an alkaline earth metal. Thus, the catalyst may be 
substantially free of alkali metals and/or alkaline earth met 
als. 
0020. In one embodiment, the support may be Al-O, 
ZrO, MgO, TiO, zeolite, ZnO, and mixtures thereof. Pref 
erably the support is Al-O, ZrO, or ZnO. Suitable supports 
may have a surface area that is at least 500 m/g, e.g., at least 
200 m/g or at least 50 m/g. 
0021 Alumina Supports may include gamma-alumina 
(Y-AlO), etu-alumina (m-AlO), kappa alumina (K-AlO). 
theta-alumina (0-AlO), or other alumina phase which is 
stable attemperatures use for catalyst calcination and conver 
sion of alcohols, such as ethanol, to other alcohols, such as 
butanol. Unless otherwise indicated, for purposes of the 
present invention gamma-alumina is preferred. 
0022. Zeolite as used in the present application generally 
refers to microporous, aluminosilicate minerals. Examples of 
suitable Zeolites include, but not limited to, silicoalumino 
phosphate (SAPO-34), clinoptilolite, ZSM-5, X-Zeolite, 
Y-Zeolite. 
0023 The amount of support may vary depending on the 
metal loadings and generally comprises the balance of the 
catalyst. In one embodiment, the catalyst comprises the Sup 
port in an amount from 80 wt.% to 99.99 wt.%, e.g., from 82 
wt.% to 99.95 wt.%, or from 84 wt.% to 99.9 wt.%. 
0024. In one embodiment, the catalyst may comprise cop 
per and Y-Al-O. The catalyst composition may comprise 
from 0.1 wt.% to 20 wt.% copper, e.g., from 0.5 wt.% to 18 
wt.%, or from 1 wt.% to 16 wt.%. The catalyst composition 
comprises from 80 wt.% to 99.9 wt.% Y-Al-O, e.g., 82 wt. 
% to 99.5 wt.% or from 84 wt.% to 99 wt.%. 
0025. In another embodiment, the catalyst may comprise 
cobalt and 0-Al2O. The catalyst composition may comprise 
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from 0.1 wt.% to 20 wt.% cobalt, e.g., from 0.5 wt.% to 18 
wt.%, or from 1 wt.% to 16 wt.%. The catalyst composition 
comprises from 80 wt.% to 99.9 wt.% 0-Al-O, e.g., 82 wt. 
% to 99.5 wt.% or from 84 wt.% to 99 wt.%. 
0026. In yet another embodiment, the catalyst may com 
prise copper and ZrO2. The catalyst composition may com 
prise from 0.1 wt.% to 20 wt.% copper, e.g., from 0.5 wt.% 
to 18 wt.%, or from 1 wt.% to 16 wt.%. The catalyst 
composition comprises from 80 wt.% to 99.9 wt.% ZrO. 
e.g., 82 wt.% to 99.5 wt.% or from 84 wt.% to 99 wt.%. 
0027. In one embodiment, the catalysts may comprise a 
Support coated by one metal layer that comprises one metal. 
The metal is selected from the group consisting of cobalt, 
nickel, palladium, platinum, zinc, iron, tin and copper. In a 
preferred embodiment, the metal is selected from the group 
consisting of cobalt, nickel, palladium, platinum, tin and cop 
per. 
0028. In one embodiment, the catalyst comprises a Sup 
port, a metal layer. The metal layer may be coated on the 
Support. In one embodiment, the metal layer is a metal 
selected from the group consisting of cobalt, nickel, palla 
dium, platinum, iron, Zinc, tin and copper. The metal layer 
may be applied on the Support through an impregnation pro 
CCSS, 

0029. It has now been found that the metal-coated support 
catalysts Surprisingly achieve unexpectedly high butanol 
selectivity and yield in comparison to metal-free catalysts. 
Furthermore, the increase of butanol selectivity and yield is 
accompanied by the decrease of selectivity to by-products, 
such as diethyl ether (DEE) and ethylene. As stated above, 
DEE and ethylene are made in the reaction mixture by ethanol 
dehydration in the presence of an acid. In one embodiment, 
Surprisingly and unexpectedly, it has now been found that the 
catalysts inhibit DEE and ethylene formation. For example, 
the butanol selectivity of at least 20%, e.g., at least 30%, or at 
least 40% may be achieved with the catalyst compositions. 
Surprisingly and unexpectedly, this increase ofbutanol selec 
tivity is accompanied by the decrease of by-products selec 
tivities. For example, selectivity to DEE is less than 15 wt.%. 
e.g., less than 10 wt.%, or less than 5 wt.%. Furthermore, the 
ethylene selectivity is less than 10 wt.%, e.g., less than 5 wt. 
%, or less than 1 wt.%. In one embodiment diethyl ether and 
ethylene selectivity may be less than the butanol selectivity. 
Thus, the catalyst favors the formation of butanol. Without 
being bound by theory, it is postulated as a result of coating 
the Surface of the Supports with at least one metal, the catalyst 
composition may drive the Guerbet reaction favorably for 
butanol selectivity while suppressing the production of DEE 
and ethylene as compared to metal free Support catalysts. 
0030. In one embodiment, surprisingly and unexpectedly, 

it has also been found that the metal-coated catalyst could also 
inhibit the DEE formation. In one embodiment, surprisingly 
and unexpectedly, it has been found that copper Y-Al2O, 
copper 0-Al-O, and copper ZrO catalysts inhibit DEE and 
ethylene formation. Specifically, the inventors found that the 
catalyst compositions enhance the selectivity of butanol by 
suppressing the formation of DEE and ethylene. 
0031 Water is a byproduct when converting ethanol to 
butanol. Since water is more polar than ethanol, it is believed 
that water might compete with ethanol on the polar surface of 
the catalyst. The inventors have found that the surfacepolarity 
of the catalysts may be modified by introducing an organic 
metal precursor to the Surface of the Support to minimize the 
water/ethanol competition. The organic metal precursor may 
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include pyridine, ammonium hydroxide tetramethylammo 
nium hydroxide, tetrabutylammonium hydroxide, methyl 
amine, imidazole, and other Suitable Support modifiers. The 
organic metal precursors may be support modifiers that may 
adjust the chemical or physical properties of the Support 
material Such as the acidity or basicity of the Support material. 
As such, the amount and residence time of ethanol on the 
Surface of the catalyst maybe increased and thereby promot 
ing the carbon-carbon capillary condensation. 
0032. In other embodiments, in addition to a support, the 
catalyst may further comprise a Support modifier. A modified 
Support, in one embodiment, relates to a Support that includes 
a Support material and a Support modifier, which, for 
example, may adjust the chemical or physical properties of 
the Support material Such as the acidity or basicity of the 
Support material. 
0033. The catalyst may further comprise other additives, 
examples of which may include: molding assistants for 
enhancing moldability; reinforcements for enhancing the 
strength of the catalyst; pore-forming or pore modification 
agents for formation of appropriate pores in the catalyst, and 
binders. Examples of these other additives include oxalic 
acid, citric acid, polyacrylic acid, adipic acid, Stearic acid, 
graphite, starch, cellulose, silica, alumina, glass fibers, silicon 
carbide, and silicon nitride. Preferably, these additives do not 
have detrimental effects on the catalytic performances, e.g., 
conversion and/or activity. These various additives may be 
added in Such an amount that the physical strength of the 
catalyst does not readily deteriorate to Such an extent that it 
becomes impossible to use the catalyst practically as an 
industrial catalyst. 
0034. In some embodiments, the catalyst composition 
comprises a pore modification agent, Such as Oxalic acid. A 
preferred type of pore modification agent is thermally stable 
and has a Substantial vapor pressure at a temperature below 
300° C., e.g., below 250° C. In one embodiment, the pore 
modification agent has a vapor pressure of at least 0.1 kPa, 
e.g., at least 0.5 kPa, at a temperature between 150° C. and 
250° C., e.g., between 150° C. and 200° C. 
0035. The pore modification agent has a relatively high 
melting point, e.g., greater than 60°C., e.g., greater than 75° 
C., to prevent melting during the compression of the catalyst 
into a slug, tablet, or pellet. Preferably, the pore modification 
agent comprises a relatively pure material rather than a mix 
ture. As such, lower melting components will not liquefy 
under compression during formation of slugs or tablets. For 
example, where the pore modification agent is a fatty acid, 
lower melting components of the fatty acid mixtures may be 
removed as liquids by pressing. If this phenomenon occurs 
during slug or tablet compression, the flow of liquid may 
disturb the pore structure and produce an undesirable distri 
bution of pore volume as a function of pore diameter on the 
catalyst composition. In other embodiments, the pore modi 
fication agents have a significant vapor pressure attempera 
tures below their melting points, so that they can be removed 
by Sublimination into a carrier gas. 

Catalyst Preparation 
0036. The catalyst was synthesized using impregnation 
method with a metal coated the Support. A Support is pressed 
under force for a predetermined time to form pellets. For 
example, the support may be pressed at 180,000 N. The 
pellets are lightly crushed to a desired particle size. An 
amount of the Support in pellets form is measured and placed 
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in a round bottom reactor. A first metal is prepared by dis 
Solving a metal precursor, Such as a metal nitrate, in an 
amount of water and/oracetone to form a first metal precursor 
Solution, which is impregnated on to the Support by stepwise 
incipient wetness using the rotating dryer. The first metal 
coated Support is dried in an oven at a desired temperature for 
a period of time and followed by calcination. 
0037. The initial temperature may range from 10° C. to 
150° C., e.g., 30° C. to 120° C., or 50° C. to 90° C. The 
temperature ramping rate may be from 1° C. to 5° C. per 
minute. The final temperature may vary depending on the 
catalyst composition and generally ranges from 300° C. to 
900° C., e.g., from 450° C. to 800° C., or from 500° C. to 700° 
C. The holding time is between 1 hour and 10 hours, e.g., 
between 2 hours and 8 hours, or between 4 hours and 6 hours. 
Depending on the metal used, other temperature profiles may 
be suitable. The calcination of the mixture may be done in an 
inert atmosphere, air or an oxygen-containing gas at the 
desired temperatures. Steam, a hydrocarbon or other gases or 
vapors may be added to the atmosphere during the calcination 
step or post-calcination to cause desired effects on physical 
and chemical Surface properties as well as textural properties 
Such as increase macroporosity. 
0038. As an example, the temperature profile may start at 
60° C., increase at a rate of 5° C. per minute until the tem 
perature reaches 600° C., and hold at 600° C. for 5 hours, and 
cooling to room temperature. For Group VIII metals, the 
calcination temperature may be lower, such as 300° C. 
0039. In an embodiment, any suitable metal precursors 
may be used to make the catalyst composition. Non-limiting 
examples of Suitable metal precursors include metal oxides, 
metal hydroxides (including hydrated oxides), metal salts of 
inorganic and organic acids Such as, e.g., nitrates, nitrites, 
Sulfates, halides (e.g., fluorides, chlorides, bromides and 
iodides), carbonates, phosphates, azides, borates (including 
fluoroborates, pyrazolylborates, etc.), Sulfonates, carboxy 
lates (such as, e.g., formates, acetates, propionates, oxalates 
and citrates), Substituted carboxylates (including halogeno 
carboxylates Such as, e.g., trifluoroacetates, hydroxycarboxy 
lates, aminocarboxylates, etc.) and salts and acids wherein the 
metal is part of an anion (such as, e.g., hexachloroplatinates, 
tetrachloroaurate, tungstates and the corresponding acids). 
0040. Further non-limiting examples of suitable metal 
precursors for the processes of the present invention include 
alkoxides, complex compounds (e.g., complex salts) of met 
als such as, e.g., beta-diketonates (e.g., acetylacetonates), 
complexes with amines, N-heterocyclic compounds (e.g., 
pyrrole, aziridine, indole, piperidine, morpholine, pyridine, 
imidazole, piperazine, triazoles, and Substituted derivatives 
thereof), aminoalcohols (e.g., ethanolamine, etc.), amino 
acids (e.g., glycine, etc.), amides (e.g., formamides, aceta 
mides, etc.), and nitriles (e.g., acetonitrile, etc.). Non-limiting 
examples of preferred metal precursors include nitrates and 
oxides. 
0041. Non-limiting examples of specific metal precursors 
for use in the processes of the present invention include pal 
ladium bromide, palladium chloride, palladium iodide, pal 
ladium nitrate, palladium nitrate hydrate, tetraamine palla 
dium nitrate, palladium oxide, palladium oxide hydrate, and 
palladium sulfate; copper oxide, copper hydroxide, copper 
nitrate, copper Sulfate, copper chloride, copperformate, cop 
per acetate, copper neodecanoate, copper ethylhexanoate, 
copper methacrylate, copper trifluoroacetate, copper acetoac 
etate and copper hexafluoroacetylacetonate; and cobalt 
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acetate, cobalt hydroxide, cobalt carbonate, cobalt nitrate, 
cobalt 2.4-pentaedionate, cobalt formate, cobalt oxide, cobalt 
chloride, cobalt alkoxide, cobalt perchlorate, and cobalt car 
boxylate. The above compounds may be employed as such or 
optionally in the form of solvates and the like Such as, e.g., as 
hydrates. Examples of specific metal precursors that may be 
used in the present invention include palladium nitrate 
hydrate, copper nitrate hydrate, and cobalt nitrate. 
0042. The use of mixtures of different compounds, e.g., 
different salts, of the same metal and/or the use of mixtures of 
compounds of different metals and/or of mixed metal precur 
sors (e.g., mixed salts and/or mixed oxides) is also contem 
plated by the present invention. Provided that none of the 
different metals comprise alkali or alkaline earth metals. 
Accordingly, the term “metal precursor as used herein 
includes both a single metal precursor and any mixture of two 
or more metal precursors. In a preferred embodiment, the 
catalyst composition is made using at least one metal and a 
Support. 

Production of Butanol 

0043 Suitable reactions and/or separation scheme may be 
employed to form a crude product stream comprising butanol 
using the catalysts. For example, in some embodiments, the 
crude product stream is formed by contactingalow molecular 
weight alcohol, e.g., ethanol, with the catalysts to form the 
crude higher alcohol product stream, i.e., a stream with 
butanol. The catalyst may also be a metal on a Support. In a 
preferred embodiment, the crude product stream is the reac 
tion product of the condensation reaction of ethanol, which is 
conducted over a metal-coated Support. In one embodiment, 
the crude product stream is the product of a vapor phase 
reaction. 
0044. The feedstream may be a gaseous stream compris 
ing ethanol. Preferably, the gaseous stream comprise more 
than 5 Vol.% ethanol, e.g., more than 10 Vol.% or more than 
20Vol.%. The feedstream may also comprise other molecules 
Such as pyridine, NH and alkyl amine. Inert gases may be in 
the gaseous stream and thus may include nitrogen, helium, 
argon, and methane. Preferably, no hydrogen is introduced 
with the gaseous stream, and thus the gaseous stream is Sub 
stantially free of hydrogen. Without being bound by theory 
the hydrogen needed for the intermediate reactions may be 
produced in situ. 
0045. In some embodiments, the condensation reaction 
may achieve favorable conversion of ethanol and favorable 
selectivity and productivity to butanol. For purposes of the 
present invention, the term “conversion” refers to the amount 
of ethanol in the feed that is converted to a compound other 
than ethanol. Conversion is expressed as a percentage based 
on ethanol in the feed. The conversion of ethanol may be at 
least 20%, e.g., at least 30%, at least 40%, or at least 50%. 
0046) Selectivity, as it refers to the formation ofbutanol, is 
expressed as the ratio of the amount of carbon in the desired 
product(s) and the amount of carbon in the total products. 
This ratio may be multiplied by 100 to arrive at the selectivity. 
Preferably, the selectivity to butanol is at least 20%, e.g., at 
least 30%, or at least 40%. In some embodiments, the catalyst 
selectivity to C alcohols, e.g., butanol, isobutanol, 2-bu 
tanol, tert-butanol, 1-hexanol, 2-ethylbutanol, and 2-ethyl 
hexanol, is at least 30%, e.g., at least 50%, at least 60%, or at 
least 80%. 
0047 Preferred embodiments of the process demonstrate 
a low selectivity to undesirable products, such as diethyl ether 
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and ethylene. The selectivity to these undesirable products 
preferably is less than 20%, e.g., less than 5% or less than 1%. 
More preferably, these undesirable products are not detect 
able. 

0048. The ethanol may be fed to the reactor as a liquid 
stream or a vapor stream. Preferably, the ethanol is fed as a 
vapor stream. The reactor may be any suitable reactor or 
combination of reactors. Preferably, the reactor comprises a 
fixed bed reactor or a series of fixed bed reactors. In one 
embodiment, the reactor is a gas flow catalytic reactor or a 
series of gas flow catalytic reactors. Of course, other reactors 
Such as a continuous stirred tank reactor or a fluidized bed 
reactor may be employed. In one embodiment, the vapor 
ethanol stream is substantially free of hydrogen, e.g., less 
than 1 wt.% hydrogen, less than 0.1 wt.%, or less than 0.01 
wt.%. 

0049. The condensation reaction may be conducted at a 
temperature of at least 200°C., e.g., at least 300°C., or at least 
350° C. In terms of ranges, the reaction temperature may 
range from 200° C. to 500° C., e.g., from 250° C. to 400° C., 
or from 250° C. to 350° C. Reaction time may range from 0.01 
to 100 hours, e.g., from 1 to 80 hours, or from 5 to 80 hours. 
Reaction pressure is not particularly limited, and the reaction 
is typically performed near atmospheric pressure. In one 
embodiment, the reaction may be conducted at a pressure 
ranging from 0.1 kPa to 9,000 kPa, e.g., from 20 kPa to 5,000 
kPa, or from 90 to 3500 kPa. The ethanol conversion may vary 
depending upon the reaction temperature and/or pressure. 
0050. In one embodiment, the reaction is conducted at a 
gas hourly space velocity ("GHSV) greater than 600 hr', 
e.g., greater than 1,000 hr' or greater than 2,000 hr'. The 
GHSV range from 600 hr' to 10,000 hr', e.g., from 1,000 
hr' to 8,000 hr' or from 1,500 hr' to 7,500 hr'. 
0051. An inert or reactive gas may be supplied to the 
reactant stream. Examples of inert gases include, but are not 
limited to, nitrogen, helium, argon, and methane. Examples 
of reactive gases or vapors include, but are not limited to, 
oxygen, carbon oxides, Sulfur oxides, and alkyl halides. 
When reactive gases such as oxygen are added to the reactor, 
these gases, in some embodiments, may be added in stages 
throughout the catalystbed at desired levels as well as feeding 
with the other feed components at the beginning of the reac 
tors. The addition of these additional components may 
improve reaction efficiencies. 
0052. In one embodiment, the unreacted components such 
as the ethanol as well as the inert or reactive gases that remain 
are recycled to the reactor after sufficient separation from the 
desired product. 

EXAMPLES 

Example 1 

3 wt.% Coppery-Aluminum Oxide 

0053. The catalyst was synthesized using impregnation 
method. Y-Aluminum oxide was crushed to particle size of 
0.85 mm and 1.18 mm. 10 g of the above crushed Y-aluminum 
oxide was placed in a round bottom reactor. 1.09 g of copper 
nitrate hydrate was dissolved in 5 g of water, followed by 
impregnating to the above Y-aluminum oxide by stepwise 
incipient wetness using a rotating dryer. The copper-coated 
Y-aluminum oxide was dried in an oven at 120°C. for 5 hours, 
followed by calcination using the following temperature pro 
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gram: start at 60° C. ramp to 350° C. at 2°C./min, hold at 
350° C. for 5 hours, followed by cooling to room temperature. 

Example 2 

3 wt.% Cobalt 0-Aluminum Oxide 

0054 The catalyst was synthesized using impregnation 
method. 0-Aluminum oxide was crushed to particle size of 
0.85 mm and 1.18 mm. 10g of the above crushed 0-aluminum 
oxide was placed in a round bottom reactor. 1.53 g of cobalt 
nitrate hydrate was dissolved in 5 g of water, followed by 
impregnating to the above 0-aluminum oxide by stepwise 
incipient wetness using a rotating dryer. The cobalt-coated 
0-aluminum oxide was dried in an ovenat 120°C. for 5 hours, 
followed by calcination using the following temperature pro 
gram: start at 60° C. ramp to 500° C. at 2°C./min, hold at 
500° C. for 5 hours, followed by cooling to room temperature. 

Example 3 

3 wt.% Copper Zirconium Oxide 
0055. The catalyst was synthesized using impregnation 
method. Zirconium oxide was crushed to particle size of 0.85 
mm and 1.18 mm. 10 g of the above crushed zirconium oxide 
was placed in a round bottom reactor. 1.09 g of copper nitrate 
hydrate was dissolved in 5g of water, followed by impreg 
nating to the above Zirconium oxide by stepwise incipient 
wetness using a rotating dryer. The copper-coated Zirconium 
oxide was dried and calcined under the conditions in Example 
1. 

Example 4 

3 wt.% Palladium Zirconium Oxide 

0056. The catalyst was synthesized using impregnation 
method. 10 g of the above crushed zirconium oxide (0.85 mm 
and 1.18 mm) was placed in a round bottom reactor. 0.3 g of 
palladium nitrate hydrate was dissolved in 5g of water, fol 
lowed by impregnating to the above Zirconium oxide by step 
wise incipient wetness using a rotating dryer. The palladium 
coated Zirconium oxide was dried and calcined under the 
conditions in Example 1. 

Example 5 
3 wt.% Platinum Zirconium Oxide 

0057 The catalyst was synthesized using impregnation 
method. 10 g of the above crushed zirconium oxide (0.85 mm 
and 1.18 mm) was placed in a round bottom reactor. 0.3 g of 
tetraammineplatinum(II) nitrate was dissolved in 5g of water, 
followed by impregnating to the above Zirconium oxide by 
stepwise incipient wetness using a rotating dryer. The plati 
num-coated Zirconium oxide was dried and calcined under 
the conditions in Example 1. 

Example 6 

3 wt.% Tin Zirconium Oxide 

0058. The catalyst was synthesized using impregnation 
method. 10 g of the above crushed zirconium oxide (0.85 mm 
and 1.18 mm) was placed in a round bottom reactor. 0.3 g of 
tin oxalate was dissolved in 5g of water, followed by impreg 
nating to the above Zirconium oxide by stepwise incipient 
wetness using a rotating dryer. The tin-coated Zirconium 
oxide was dried and calcined under the conditions in Example 
1. 
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Example 7 
3 wt.% Palladium Platinum Tin Zirconium Oxide 

0059. The catalyst was synthesized using impregnation 
method. 10 g of the above crushed zirconium oxide (0.85 mm 
and 1.18 mm) was placed in a round bottom reactor. 0.56 g of 
tin oxalate and 0.54 g of ammonium oxalate was dissolved in 
10 ml of water. 0.3 g of palladium nitrate hydrate, tetraam 
mineplatinum(II) nitrate, was added to the tin oxalate Solu 
tion, followed by impregnating to the above Zirconium oxide 
by stepwise incipient wetness using a rotating dryer. The 
metal-coated Zirconium oxide was dried and calcined under 
the conditions in Example 1. 

Example 8 
0060 Catalysts were prepared and evaluated. Y-Alumi 
num oxide, 0-aluminum oxide, Zirconium oxide without any 
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metal coating were evaluated under the same testing condi 
tions to serve as control. A fixedbed gas flow catalytic reactor 
was used as a reactor. 3 ml of the catalysts was filled in a 
stainless steel tube reactor with a diameter of 0.95 cm. As a 
pretreatment, hydrogen reduction was conducted for 1 hour 
under a carrier gas atmosphere (10% H/N base; flow rate 
125 ml/min) at 400°C. After the pretreatment, the testing was 
conducted at a temperature between 250° C. and 325°C. and 
pressure between 1 kPa and 5,100 kPa, nitrogen flow rate was 
at 125 sccm and ethanol flow rate was at 0.2 ml/min. The 
reaction duration ranges from 5 hours to 80 hours. 
0061 The ethanol conversion, butanol product selectivity, 
butanol yield, and C alcohol selectivity for catalyst metal 
coated Y-aluminum oxide and 0-aluminum oxide as reference 
are shown below in Tables 1 to 3. 

TABLE 1. 

Testing condition: 290 C. and 3,400 kPa 

Catalysts 

Y-Al2O3 
Example 1 

Ethanol Butanol C Alcohols DEE Ethylene 
Conversion Selectivity Yield Selectivity Selectivity Selectivity 

(%) (%) (%) (%) (%) (%) 

61 O O O 96 7 
74 29 21 45 13 1 

0062. As shown in Table 1, Y-aluminum oxide has an etha 
nol conversion of 61%, but has a 0% butanol selectivity, 
butanol yield, Calcohol selectivity. The DEE selectivity is 
96% DEE. By coating Y-aluminum oxide with copper, the 
butanol selectivity, butanol yield, and Calcohols selectivity 
increased significantly while the DEE and ethylene selectiv 
ity are Suppressed. 

TABLE 2 

Testing condition: 250 C. and 3,400 kPa 

Catalysts 

0-Al2O3 
Example 2 

Ethanol Butanol C Alcohols DEE Ethylene 
Conversion Selectivity Yield Selectivity Selectivity Selectivity 

(%) (%) (%) (%) (%) (%) 

94 O O O 72 10 
S4 S4 29 73 7 1 

0063. As shown in Table 2, 0-aluminum oxide has an 
ethanol conversion of 94%, but has 0% butanol selectivity, 
butanol yield, Calcohol selectivity. The DEE selectivity is 
at 72%. By coating 0-aluminum oxide with cobalt, the 
butanol selectivity, butanol yield, and Calcohols selectivity 
increased significantly while the DEE and ethylene selectiv 
ity are Suppressed. 

TABLE 3 

Testing condition: 360° C. and 3,400 kPa 

Catalysts 

ZrO2 
Example 3 
Example 4 
Example 5 
Example 6 
Example 7 

Ethanol Butanol C Alcohols DEE Ethylene 
Conversion Selectivity Yield Selectivity Selectivity Selectivity 

(%) (%) (%) (%) (%) (%) 

21 14 3 2O 30 34 
79 19 15 28 1 1 
78 51 40 73 4 1 
61 40 24 52 O 6 
36 36 13 S4 15 10 
58 42 25 60 6 5 
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0064. As shown in Table 3, the copper coated zirconium 
oxide, palladium coated Zirconium oxide, platinum coated 
Zirconium oxide, tin coated Zirconium oxide, and palladium/ 
platinum/tin coated Zirconium oxide have better ethanol con 
version, butanol selectivity, butanol yield, Calcohols selec 
tivity, and lower DEE and ethyl selectivity than the metal free 
Zirconium oxide. Specifically, copper coated Zirconium oxide 
has a high ethanol conversion of 79% and a low DEE and 
ethylene selectivity of 1% each. Similarly, palladium coated 
zirconium oxide has a high ethanol conversion of 78% and a 
low DEE and ethylene selectivity of 4% and 1%, respectively. 
In addition, palladium coated Zirconium oxide has a high Ca 
alcohols selectivity of 73%. In addition, platinum coated 
Zirconium oxide has an ethanol conversion of 61%, a 0% DEE 
selectivity, and 6% ethylene selectivity. Similarly, the palla 
dium/platinum/tin coated Zirconium has an ethanol conver 
sion of 58%, abutanol selectivity of 42%, a butanol yield of 
25%, a C alcohols selectivity of 60%, and a low DEE 
selectivity of 6% and a low ethylene selectivity of 5%. There 
fore, coating of Zirconium oxide with one or more metals 
increases the ethanol conversion, butanol selectivity, butanol 
yield, and C alcohols selectivity significantly, while Sup 
presses the DEE and ethylene selectivity. 

Example 9 

3 wt.% Palladium Catalysts on NH Modified 
Y-Aluminum Oxide 

0065. The catalyst was synthesized using impregnation 
method. Y-Aluminum oxide was crushed to particle size of 
0.85 mm and 1.18 mm. 10 g of the above crushed Y-aluminum 
oxide was placed in a round bottom reactor. 0.832 g of palla 
dium (II) acetate was dissolved in 20 ml of acetone followed 
by the drop-wise addition of ammonium hydroxide with stir 
ring until pH was adjusted to 12.5 and a clear Solution was 
obtained. The palladium Solution was impregnated to Y-alu 
minum oxide to obtain 3 wt.% palladium coated Y-aluminum 
oxide by Stepwise incipient wetness using the rotating dryer. 
The palladium-coated Y-aluminum oxide was dried in the 
oven at 120°C. for 5 hours, followed by calcination using the 
following temperature program: start at 60°C., ramp to 350° 
C. at 2° C./min, hold at 350° C. for 5 hours, followed by 
cooling to room temperature. 

Catalysts 

Example 9 
Comp. A 
Example 10 
Comp. B 
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Example 10 
3 wt.% Cobalt Catalysts on NH Modified 

Y-Aluminum Oxide 
0066. The catalyst was synthesized using impregnation 
method. Y-Aluminum oxide was crushed to particle size of 
0.85 mm and 1.18 mm. 10g of the above crushed Y-aluminum 
oxide was placed in a round bottom reactor. 1.53 g of cobalt 
nitrate hydrate was dissolved in 5g of water, followed by the 
drop-wise addition of ammonium hydroxide with stirring 
until pH was adjusted to 12.5 and a clear solution was 
obtained. The cobalt solution was impregnated to Y-alumi 
num oxide to obtain 3 wt.% cobalt coated Y-aluminum oxide 
by Stepwise incipient wetness using the rotating dryer. The 
cobalt coated Y-aluminum oxide was dried in the oven at 120° 
C. for 5 hours, followed by calcination using the following 
temperature program: start at 60° C. ramp to 350° C. at 2 
C./min, hold at 350° C. for 5 hours, followed by cooling to 
room temperature. 
Comp. A 3 wt.% Palladium Catalysts on Y-Aluminum 
Oxide 
0067. The catalyst was synthesized using impregnation 
method. Y-Aluminum oxide was crushed to particle size of 
0.85 mm and 1.18 mm. 10g of the above crushed Y-aluminum 
oxide was placed in a round bottom reactor. 0.832 g of palla 
dium (II) acetate was dissolved in 20 ml of acetone followed 
by impregnation to the Y-aluminum oxide by stepwise incipi 
ent wetness using the rotating dryer. The palladium-coated 
Y-aluminum oxide was dried in the oven at 120° C. for 5 
hours, followed by calcination using the following tempera 
ture program: start at 60° C. ramp to 350° C. at 2°C/min, 
hold at 350° C. for 5 hours, followed by cooling to room 
temperature. 
Comp. B–3 wt.% Cobalt Catalysts on Y-Aluminum Oxide 
0068. The catalyst was synthesized using impregnation 
method. Y-Aluminum oxide was crushed to particle size of 
0.85 mm and 1.18 mm. 10g of the above crushed Y-aluminum 
oxide was placed in a round bottom reactor. 1.53 g of cobalt 
nitrate hydrate was dissolved in 20 ml of acetone followed by 
impregnation to the Y-aluminum oxide by Stepwise incipient 
wetness using the rotating dryer. The cobalt-coated Y-alumi 
num oxide was dried in the oven at 120° C. for 5 hours, 
followed by calcination using the following temperature pro 
gram: start at 60° C. ramp to 350° C. at 2°C./min, hold at 
350° C. for 5 hours, followed by cooling to room temperature. 

Example 11 
0069 

TABLE 4 

Comparisons of NH Modified Y-Aluminum Oxide Catalysts 
vs. Unmodified Y-Aluminum Oxide Catalysts 

Testing condition: 290° C. and 5,100 kPa 

Ethanol Butanol C Alcohols DEE Ethylene 
Conversion Selectivity Yield Selectivity Selectivity Selectivity 

(%) (%) (%) (%) (%) (%) 

40 S4 22 75 8 O 

39 6 2.3 12 51 22 

55 51 28 73 8 1 

8O 3 2.4 6 60 5 
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0070 Table 4 compares two sets of catalysts. Example 9 is 
a palladium coated NH modified Y-aluminum oxide catalyst 
and Example 10 is a cobalt coated NH modified Y-aluminum 
oxide catalyst. As shown in Table 4. Example 9 has a similar 
ethanol conversion than the palladium coated unmodified 
Y-aluminum oxide catalyst. However, Examples 9 has a much 
greater butanol selectivity, butanol yield, Calcohols selec 
tivity than the palladium coated unmodified Y-aluminum 
oxide catalyst. Furthermore. Example 9 dramatically reduced 
DEE selectivity from 51% to 8% and ethylene selectivity 
from 22% to 0%. 
0071 Example 10 also has better butanol selectivity, 
butanol yield, and C alcohols selectivity than the cobalt 
coated unmodified Y-aluminum oxide catalyst. Example 10 
also dramatically reduced DEE selectivity from 60% to 8% 
and ethylene selectivity from 5% to 1%. 
0072. While the invention has been described in detail, 
modifications within the spirit and scope of the invention will 
be readily apparent to those of skill in the art. It should be 
understood that aspects of the invention and portions of vari 
ous embodiments and various features recited above and/or in 
the appended claims may be combined or interchanged either 
in whole or in part. In the foregoing descriptions of the vari 
ous embodiments, those embodiments which refer to another 
embodiment may be appropriately combined with other 
embodiments as will be appreciated by one of ordinary skill in 
the art. Furthermore, those of ordinary skill in the art will 
appreciate that the foregoing description is by way of 
example only, and is not intended to limit the invention. 
We claim: 
1. A catalyst for converting alcohols to higher alcohols, the 

catalyst comprising: 
one or more metals selected from the group consisting of 

cobalt, nickel, palladium, platinum, iron, Zinc, tin and 
copper; and 

a support selected from the group consisting of Al-O. 
ZrO, MgO, TiO, Zeolite, ZnO, and mixtures thereof, 
wherein the catalyst is substantially free of alkali metals 
and alkaline earth metals. 

2. The catalyst of claim 1, wherein the one or more metals 
are present in an amount from 0.01 wt.% to 20 wt.%. 

3. The catalyst of claim 1, wherein the support is present in 
an amount from 80 wt.% to 99.99 wt.%. 

4. The catalyst of claim 1, wherein the catalyst is selected 
from the group consisting of palladium, copper, and cobalt. 

5. The catalyst of claim 1, further comprises a support 
modifier selected from the group consisting of pyridine, tet 
ramethylammonium hydroxide, tetrabutylammonium 
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hydroxide, ammonium hydroxide, methylamine, imidazole, 
and other suitable support modifiers. 

6. A catalyst for converting alcohols to higher alcohols, the 
catalyst comprising: 

one or more Support selected from the group consisting of 
Al-O, ZrO, MgO, TiO, Zeolite, ZnO, and a mixture 
thereof; 

one or more metal layers on the one or more Support com 
prise one or more metals selected from the group con 
sisting of cobalt, nickel, palladium, platinum, iron, Zinc, 
tin and copper. 

7. The catalyst of claim 6, wherein the one or more metals 
are present in an amount from 0.01 wt.% to 20 wt.%. 

8. The catalyst of claim 6, wherein the support is present in 
an amount from 80 wt.% to 99.99 wt.%. 

9. The catalyst of claim 6, wherein the catalyst is selected 
from the group consisting of palladium, copper, and cobalt. 

10. A process for producing butanol, the process compris 
ing the step of 

feeding a gaseous stream comprising ethanol over a cata 
lyst in a reactor to form butanol, wherein the catalyst 
comprises 

one or more metals selected from the group consisting of 
cobalt, nickel, palladium, platinum, iron, Zinc, tin, and 
copper; and 

one ore more Supports selected from the group consisting 
of Al-O, ZrO, MgO, TiO, zeolite, ZnO, and a mixture 
thereof. 

11. The process of claim 10, wherein the reactor is operated 
at a temperature from 200° C. to 500° C. 

12. The process of claim 10, wherein the reactor is operated 
at a pressure from 100 kPa to 20,000 kPa. 

13. The process of claim 10, wherein ethanol conversion is 
at least 20%. 

14. The process of claim 10, wherein butanol selectivity is 
at least 20%. 

15. The process of claim 10, wherein ethylene selectivity is 
less than 10%. 

16. The process of claim 10, wherein diethyl ether selec 
tivity is less than 15%. 

17. The process of claim 10, wherein the one or more 
metals are present in an amount from 0.01 wt.% to 20 wt.%. 
and the one or more Supports are presentinanamount from 80 
wt.% to 99.99 wit. 9/6. 

18. The process of claim 10, wherein the gaseous stream is 
substantially free of hydrogen. 

19. The process of claim 10, wherein the catalyst is sub 
stantially free of alkali metals and alkaline earth metals. 

k k k k k 


